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I. INTRODUCTION
The use of plasmonic waveguides to guide electromagnetic energy enables high field confinement; [1] [2] [3] [4] [5] [6] however, this comes at the expense of high dissipation due to ohmic losses in the metal. [7] [8] [9] The reduction of material and propagation losses is a topic of great interest in the plasmonics and metamaterials communities. [10] [11] [12] [13] [14] [15] [16] [17] In this article, we explore a method for such loss reduction based on multimode interference, which is a known technique 18 in the field of nanophotonics. In particular, we were inspired by the approach of Popovic et al. for reducing losses in arrays of silicon waveguide crossings. 19, 20 In their work, they use a low-loss Bloch wave combination that is judiciously designed to avoid the walls of the silicon waveguide periodically at the crossings. The technique is useful for single crossings as well. [21] [22] [23] In this paper, we propose an analogous concept, but for metal-insulator-metal (MIM) plasmonic waveguides. Multimode behavior in plasmonic waveguides has been observed 24 and studied for useful devices, 25, 26 but not for the purpose we explore here. In this paper, we propose the use of a linear combination of modes in a plasmonic waveguide to achieve cancellation or reduction of the fields within the metallic walls and thus reduce power dissipation due to material losses in the transmission of energy from point A to point B along such a plasmonic waveguide. The losses of the combination of modes are not simply the sum of the losses of each individual mode because ohmic dissipation depends on the square of the currents in the metal and thus does not behave linearly. We aim to find the proper conditions under which we can minimize such power dissipation for sending electromagnetic power from point A to point B along this waveguide.
To illustrate the concept intuitively, we first start by considering a simple, finite-conductivity, parallel-plate waveguide with simple analytical expressions, and then we consider a realistic MIM waveguide at optical frequencies. Figure 1 shows the geometry of interest.
II. FINITE-CONDUCTIVITY PARALLEL-PLATE WAVEGUIDE
To tackle our simplified waveguide problem, we use a perturbation method: First we calculate the fields inside the parallel-plate waveguide assuming lossless perfect electric conductor walls; this gives us a set of well-known orthogonal modes (TEM, T M i , and T E i , where the integer i refers to the number of half-wavelengths along the width of the waveguide) that we can combine linearly. Only then, using the perturbation method, do we estimate the losses by calculating the currents produced by the total fields in the metallic walls. The electric current in the metallic walls is given by J s =n × H, wheren is the unit outward vector normal to the walls To achieve the cancellation of H, we must combine modes whose magnetic fields are not orthogonal to each other (i.e., we do not combine a T M i with a T E i mode). Restricting ourselves, for example, to the simple combination of only two modes-TEM and a T M i -such that H = H yŷ , if one adds the field expressions for both modes and then computes the power loss at the conducting walls as P LC 
is the surface resistance of the conductor with conductivity σ , ω is the angular frequency, and
, one arrives at the following expression for the losses in the conductor P LC (W × m −2 ) when i is an even integer (so that both modes TEM and T M i have the same H y parity):
(1) 
2 ) 1/2 ). We note that the average power loss of this mode combination is equal to the sum of the power loss of the two modes propagating individually, but locally, the power loss varies with z. Because we can make 2 √ P LCT EM × P LCT Mi equal to (but never greater than) P LCT EM + P LCT Mi , the value of power dissipation can become identically zero at a certain point z 0 along the waveguide if we fulfill the condition P LCT Mi = P LCT EM , which can also be written as This condition achieves something interesting: Exactly at z 0 , the free electrons in the metallic walls are not experiencing any forces at all from the electromagnetic fields that are being guided between the two walls; thus, locally, this guiding is not generating any ohmic losses. Figure 2 shows the field distribution and power flow of such a combination of modes TEM and T M 2 under Condition (2), together with the power loss at the conducting walls, P LC . The power flow varies from being confined at the center of the waveguide at z 0 to flowing near the walls at z 0 ± L 2π /2. The spatial period of this periodic behavior is given by
Equation (1) can be proved to be valid for any other combination of two T M i modes given that they have the same H y parity. On the other hand, if the combined modes have opposite H y parity, then we simply obtain P LC (z) = P LCT Mi + P LCT Mj . In that situation, the power dissipation "bounces" from one wall to another, but the sum for both walls is constant at any point (e.g., when combining TEM and T M 1 ). Now imagine that we want to transfer energy through this waveguide. We can make use of the drastically reduced power dissipation region around z 0 to transfer energy from A (z 0 − L/2) to B (z 0 + L/2) over a length L that must be small compared with L 2π (the beat length of the two modes). To do this, we should excite point A with the mode profile that corresponds to the appropriate mode combination at that point. z 0 can be defined and calculated as
where sinc π (x) = sin(πx)/π x and we can rewrite
ra . The first term is the sum of the losses of the two modes individually, but clearly the second term can be very small if L is sufficiently small compared with L 2π , so that reduced losses are achievable. To obtain a fair insight into the improvement offered by this technique, we should compare the dissipated power P LCeff under Condition (2) with the smallest achievable dissipated power at the conductor using a single mode in the parallel-plate waveguide, which is by using the TEM mode to carry all the power P + T OT by itself. Such comparison yields the following loss ratio
Using this simple expression, we can plot normalized graphs showing the loss ratio (LR) as a function of propagation length L and width of the waveguide a both normalized to λ, as seen in Fig. 3 . Notice that this graph is independent of the frequency and of the metal conductivity, so it can be regarded as a general result. We see that significant loss reduction over a propagation distance of many wavelengths can be achieved if we work at high values of (f/f cT Mi ). For example, by combining TEM and T M 2 in a waveguide with a = 10λ, we can achieve a loss ratio of less than 0.1 (i.e., more than 90% reduced loss) from point A to B separated by a length L = 40λ. These results can readily be applied at microwave or terahertz frequencies. As we note, it is desirable for f/f cT Mi to be high (which translates into an electrically wide waveguide) because this means that the T M i mode is well above its cutoff frequency and therefore has a very similar propagation constant to that of the TEM mode, achieving a long beat length L 2π and therefore a long region of small losses around z 0 . We will see that this trade-off between small waveguide width and low losses is present throughout all our results.
III. MIM PLASMONIC WAVEGUIDE
We now extend this study to the case of the MIM plasmonic waveguide with the aim of working at optical (infrared and visible) frequencies. In this case, the electromagnetic fields penetrate into the metal, and the currents in the metal are given by J = σ m E, where σ m is the conductivity, so our aim is to achieve cancellation of the E field inside the metal using a linear combination of modes. The same symmetry considerations still apply. We will consider TM electromagnetic modes in a MIM plasmonic waveguide, whose field distributions and dispersion relations are known. 8 We use the following nomenclature: Each mode i will have a given propagation constant k zi at a given frequency ω. The variation of fields along the transverse x direction will be of the type exp(±α mi x) and exp(±α ai x) in the metal or in the dielectric region, respectively, where α
. The mode amplitude will be proportional to a scaling factor M i = H y (x = a/2, z = z 0 ). For the MIM geometry, only two modes exist below the dielectric light cone corresponding to the even and odd plasmonic modes (real α ai ), whereas an infinite number of even and odd modes exist above the dielectric light cone, which shows trigonometric variation in the x direction (imaginary α ai ), which we refer to as dielectric slab modes. To cancel out or reduce the fields in the metal, we can choose to combine any two modes, as long as they have the same parity. Again, we use a perturbation method: We first calculate the two modes at a given frequency assuming lossless plasmonic metal (considering only a real part in the permittivity of metal ε m ). Then, we add the two mode's fields and estimate the losses of the total fields by taking into account the imaginary part of the metal permittivity ε m . This method is valid only as long as the imaginary part of the permittivity does not substantially alter the mode's field profiles (i.e., that the perturbed lossy modal shapes are sufficiently similar to those of the lossless modes). To check this, we calculated that, in all the single modes used as examples in this paper, the estimated attenuation coefficient using the perturbation method described was within a 0.1% error of the exact attenuation coefficient obtained from an exact solution of the modes with a complex permittivity metal. For all our calculations, we take the values from Johnson and Christy ε m = ε m + iε m for silver. 27 According to the perturbation method, the losses in the metal are evaluated using
which for a single mode i (with field amplitude M i and propagation constant k zi ) can be calculated by substituting the fields of a single mode into Eq. (5), resulting in
When linearly combining two modes i = 1 and 2, we first add the fields for the modes and then we apply Eq. (5), so after some mathematical manipulation, we arrive at the following expression for the power dissipation of the mode combination, which is the main result of our work:
where P LM 1 and P LM 2 are given by Eq. (6),
, and φ = M 2 − M 1 . Equation (7) can be shown to be valid for any combination of two T M modes in this geometry with the same parity. It is similar to the near perfect conductor case of Eq. (1), but now two terms, η xz and η α , prevent P LM (z 0 ) from becoming identically zero. The coefficient η xz arises because there are two components of the currents in the metal, x and z, whose ratio is different for the two different modes, so having only one free parameter to tune (the relative power between the modes), we cannot exactly cancel both components simultaneously. The coefficient η α takes into account that the rate of evanescent decay of fields into the metal is slightly different for both modes so the field cancellation cannot be identically zero for all regions |x| > a/2. In practice, however, both coefficients are very close to 1. Looking at Eq. (7), we can deduce that optimization of losses at z 0 takes place when P LM1 = P LM2 , which, in accordance with Eq. (6), happens
. This simple and analytically exact condition guarantees minimum power dissipation at z 0 . We can force this condition by appropriately tuning the relative power carried by each mode. The experimental excitation of the two modes with the appropriate amplitudes and phases might prove challenging. However, the mode profile that has to be excited at point A is concentrated near the center of the waveguide, so exciting the MIM waveguide with a Gaussian beam or a single-mode dielectric waveguide, similar to what is done in Refs. 3-6, could be possible ways to access the z 0 region experimentally. We will consider two examples demonstrating the features of the proposed technique, both of which work in the visible spectrum f = 500 THz (λ 0 ≈ 0.6 μm), where ε m (500 THz) = −16.04 + 0.4327i and both use silica as the dielectric (ε a = 1.45
2 ). To gain some insight and allow easy comparisons, we first calculate a local attenuation coefficient α z (z) = P LM (z)/2P + T OT , which for individual modes is a constant value and represents the power attenuation P + (z) ∝ exp(−α z z), but which for the combination of the two modes has a sinusoidal variation in z with period L 2π , reaching a minimum of α ave (1 − η xz η α ) ≈ 0 at z 0 and a maximum of α ave (1 + η xz η α ) ≈ 2α ave at z 0 ± L 2π /2, where α ave is the average value of the attenuation coefficient of the two modes, weighed by their relative power. Then, for a given mode combination and a given propagation length L, we define an
which if η xz and η α are close to 1, can be approximated by
Additionally, it is interesting to compute the maximum propagation length L max for which the use of the mode combination technique shows an improvement in terms of the total loss over any of the two constituent modes individually, that is, L L max ⇒ α eff (L) min(α z1 ,α z2 ). All the relevant parameters for the two examples are summarized in Table I .
The first example, whose fields are shown in Fig. 4 , is a narrow MIM waveguide where we adequately combine the even plasmonic mode with the first even dielectric slab mode to achieve reduction of the fields in the metal around z 0 . The cancellation of fields inside the metal at z 0 is almost perfect. Unfortunately, in this case, L max is not a very long distance relative to the wavelength because of the high k z . Notice that we could use mode engineering with multilayered dielectrics between the two metals to further reduce k z and therefore increase L max .
Alternatively we can reduce k z by using more closely related modes. This is what we do in the second example, where we combine two dielectric slab modes on a wide waveguide so that their propagation constants are close to each other and to that of the dielectric, at the expense of lowering the confinement. This achieves a relatively large L max = 50 μm. So if we want to transfer energy on such a MIM waveguide for a distance |L| < 50 μm, the use of the appropriate mode combination as shown will reduce total loss with respect to using a single mode. In this case, the improvement can be very noticeable for smaller distances L; for example, if L = 10 μm, then the effective attenuation constant is as low as α eff (10 μm) = 7.73 dB m −1 , considerably smaller than the 159 dB m −1 of the lowest loss dielectric slab mode.
IV. CONCLUSIONS
Using the linear combination of two modes in a MIM waveguide, we have found the condition under which the losses of the mode combination are minimized to almost zero at a given point in the waveguide. Transmission of energy for a length L in the neighborhood of that point shows very low total power dissipation. Our study was performed both for good conductors, valid at microwave and terahertz frequencies, and for Drude-type metals at optical frequencies, yielding very similar conclusions. The reduction of losses comes however at the cost of reducing the high confinement typical of plasmonic modes. Because we require modes with geometrical variation inside the dielectric, the width of the waveguide must be comparable to the wavelength. Under such condition, one may conceivably use a dielectric waveguide altogether showing zero metal dissipation; however, the presence of metal can be useful for other purposes, such as electrodes in an electrooptical modulator. Therefore, our present work is useful for devices in which the metals are unavoidable or desirable. 
